The presence and identity of neural progenitors in the enteric nervous system (ENS) of 2 vertebrates is a matter of intense debate. Here we demonstrate that the non-neuronal ENS cell 3 compartment of teleosts shares molecular and morphological characteristics with mammalian 4 enteric glia but cannot be identified by the expression of canonical glia markers. However, 5 unlike their mammalian counterparts, which are generally quiescent and do not undergo 6 neuronal differentiation during homeostasis, we show that a relatively high proportion of 7 zebrafish enteric glia proliferate under physiological conditions giving rise to progeny that 8 differentiate into enteric neurons. We also provide evidence that, similar to brain neural stem 9 cells, the activation and neuronal differentiation of enteric glia are regulated by
and physiological properties of intestinal neuroglial networks (Avetisyan et al., 2015; Rao 1 and Gershon, 2018) . Despite considerable progress in understanding the developmental 2 mechanisms underpinning the assembly of intestinal neural circuits, much less is known 3 about the dynamics of ENS cell lineages in adult animals, during homeostasis or in response 4 to gut pathology. The predominant view holds that the vast majority of enteric neurons in the 5 mammalian ENS are born during embryogenesis and early postnatal stages and remain 6 functionally integrated into the intestinal circuitry throughout life (Bergner et al., 2014; 7 Joseph et al., 2011; Laranjeira et al., 2011; Pham et al., 1991) . Likewise, enteric glial cells 8 (EGCs) are generally quiescent, with only a small fraction proliferating at any given time 9 (Joseph et al., 2011; Kabouridis et al., 2015) . Despite this static view of the ENS at 10 homeostasis, lineage tracing experiments in mice have provided evidence that under 11 experimental conditions, such as chemical injury of the ganglionic plexus and bacterial 12 infection, a small fraction of Sox10 + and Sox2 + EGCs can differentiate into neurons 13 (Belkind-Gerson et al., 2017; Belkind-Gerson et al., 2015; Laranjeira et al., 2011) . However, 14 a recent study has argued that a population of Sox10 -Nestin + ENS cells undergo extensive 15 proliferation and neuronal differentiation even under physiological conditions, replenishing 16 enteric neurons continuously lost to apoptosis (Kulkarni et al., 2017) . Although fundamental 17 tenets of this proposition are not supported by available experimental evidence (Joseph et al.,Surprisingly, no signal was detected in the ENS of zebrafish at this stage . Immunostaining signal detected with two antibodies specific for zebrafish GFAP 33 (Baker et al., 2019; Trevarrow et al., 1990 ) was likely to represent cross-reactivity with nonanxa2b), interstitial cells of Cajal (ano1, kita, kitb) and immune cells (lcp1, lck, lyz) , were 1 upregulated in the Cherry -nuclear transcriptome ( Fig 2B) . Conversely, genes associated with 2 the NC-derived ENS lineages (such as elavl3, elavl4, ret, vip, chata, sox10) were upregulated 3 in the Cherry + nuclear population (Fig 2B , Crick weblink will be made available for 4 interactive data analysis). Furthermore, gene ontology (GO) terms enriched in the Cherry + 5 nuclear population were associated with nervous system development and function (Suppl. 6 Fig 2C-E) . Finally, direct comparison of the Cherry + dataset to the transcriptional profile of 7 enteric neurons from 7dpf larvae expressing the Tg(phox2b:EGFP) w37 transgene (Roy-Carson 8 et al., 2017) , identified a large cohort of shared genes (including phox2bb, ret, elavl3, elavl4, 9 vip, nmu) that presumably reflect the neural component of the mixed Cherry + nuclear 10 population (Fig 2C, yellow dots, Suppl. Fig 2F and Suppl. Table 1) . 11
To identify genes expressed by the non-neuronal compartment of the zebrafish ENS 12
we next compared the Cherry + dataset to a recently reported transcriptome of mouse EGCs, 13 which includes a list of the 25 most highly expressed genes in PLP1 + enteric glia (Rao et al., 14 2015) . Zebrafish orthologues for several genes in this list were enriched in the Cherry + revealed by in depth sequencing of single cells. Together, these experiments indicate that, 1 despite our failure to detect expression of commonly used EGC markers, the transcriptomes 2 of the non-neuronal compartment of the zebrafish ENS and mammalian enteric glia have 3 considerable overlap, including gene associated with early NC cells and ENS progenitors. 4 5 Non-neuronal cells in the adult zebrafish ENS express the Notch activity reporter 6
Tg(her4.3:EGFP) 7
In mammals, Notch signalling promotes enteric gliogenesis by attenuating a cell-autonomous 8 neurogenic programme of ENS progenitors (Okamura and Saga, 2008) , but the expression of 9 Notch target genes in adult EGCs is unclear. To examine whether Notch signalling is active 10 in non-neuronal cells of the zebrafish ENS, we examined adult gut for expression of the 11 transgenic Notch activity reporter Tg(her4.3:EGFP) (see Materials and Methods for the 12 nomenclature of this transgene), which marks NSCs and neural progenitors in the brain 13 (Alunni and Bally-Cuif, 2016; Yeo et al., 2007) . This analysis identified a network of GFP (Fig. 3B) . Therefore, the majority of non-neuronal ENS cells 27 in adult zebrafish gut can be identified by the expression of the Notch activity reporter 28 Tg(her4.3:EGFP) . 29
30

GFP + cells in the ENS of Tg(her4.3:EGFP) zebrafish have morphological characteristics 31 of mammalian EGCs 32
To provide evidence that Tg(her4.3:EGFP)-expressing cells in the zebrafish ENS are 33 equivalent to mammalian EGCs, we characterised the morphology of GFP + cells in the gut of 34 Tg(her4.3:EGFP) transgenics. At the light microscopy level GFP + cells were highly branched 1 and formed four morphological groups that generally corresponded to the four morphological 2 subtypes of mouse EGCs (Suppl. Fig. 3B -E) (Boesmans et al., 2015; Gulbransen and 3 Sharkey, 2012) . In addition to the muscularis externa (Suppl Fig 3B, C, E), GFP + cells were 4 also found within the mucosa in close proximity to the intestinal epithelium (Suppl Fig. 3D) , 5 similar to type III mucosal EGCs located within the lamina propria of the mammalian gut 6 (Boesmans et al., 2015; Kabouridis et al., 2015) . 7
Mammalian EGCs have unique ultrastructural features and establish characteristic 8 contacts with enteric neurons and their projections (Gabella, 1972 (Gabella, , 1981 transgenics using CLEM (Muller-Reichert and Verkade, 2012) . In these animals, EGFP 12 marks non-neuronal ENS cells while Cherry, which is driven by the binary reporter 13
Tg(SAGFF217B;UAS:mmCherry) (Kawakami et al., 2010) , labels a subset of enteric neurons 14 (Suppl. EGCs and other populations of peripheral glial cells (Gabella, 1981) , were also found in the 24 nuclei of EGFP + cells (Fig. 4B , D and Suppl. Fig. 4C ). Together, our gene expression and 25 morphological analysis argues that, despite the lack of canonical glia marker expression, the 26 cell population expressing the Notch activity reporter Tg(her4.3:EGFP) corresponds to 27 mammalian EGCs. Henceforth, we will be referring to Tg(her4.3:EGFP) Fig. 5A ). However, at 2 60hpf a small number of GFP + cells were discernible within the Cherry + streams of NC cells 3 (Suppl. Fig. 5B ) and became more abundant in 4dpf larvae (Suppl. Fig. 5C ). To further 4 examine the developmental dynamics of the GFP + cell lineage, we performed time-lapse 5 confocal microscopy of live Tg(her4.3:EGFP;SAGFF234A;UAS:mmcherry) embryos at 6 similar stages. Imaging commenced at 56 hpf with the migratory front of mmCherry + NC cell 7 columns positioned at the rostral end of the field of view (Heanue et al., 2016a) and 8 continued for 40 hours (1 image every 10 minutes). Consistent with the analysis performed 9 on fixed embryos, no EGFP + cells were identified within the mmCherry + population during 10 the first hours of imaging (Fig. 5A) Fig 5D) . 4
Taken together, our analysis of Tg(her4.3:EGFP) expression during zebrafish development 5 suggests that nascent EGCs are postmigratory NC-derived cells which maintain proliferative 6 and neurogenic potential. 7 8
Proliferation and neuronal differentiation of zebrafish EGCs during homeostasis 9
Enteric glia in adult mammals are generally quiescent with only a small fraction of cells 10 undergoing cell division at any given time (Joseph et al., 2011) . To examine the proliferative 11 potential of EGCs in adult zebrafish, we immunostained whole-mount gut preparations from 12 adult Tg(her4.3:EGFP) transgenics for the proliferation marker mini-chromosome 13 maintenance 5 (MCM5) (Ryu et al., 2005) . 10.8±4.2% of GFP + cells were positive for 14 MCM5 (Suppl. Fig. 6 Fig. 7B ). Occasionally, one 24 or both cells in the doublets exhibited reduced GFP signal (Suppl. Fig. 7C and D (Alunni et al., 2013; 4 Chapouton et al., 2010) . This, together with the observed downregulation of the 5 her4.3:EGFP transgene upon neuronal differentiation of GFP + cells (Fig. 6C ), suggested that 6 canonical Notch activity regulates the proliferation and differentiation dynamics of EGCs in 7 zebrafish. To examine this possibility, we blocked Notch signalling in adult zebrafish by 8 treating them with the γ -secretase inhibitor LY411575 (referred to as LY) (Alunni et al., 9 2013; Rothenaigner et al., 2011) for 7 days. To assess the proliferative and neurogenic 10 response of ENS cells, animals were also exposed to EdU during the last 3 days of LY 11 treatment (Fig. 7A ). As expected, LY treatment of Tg(her4.3:EGFP) zebrafish resulted in 12 rapid loss of GFP signal from the gut (Suppl. Fig. 8 One of the unexpected findings of our work is the relatively small size of the non-4 neuronal compartment in the zebrafish ENS relative to its mammalian counterpart. A series 5 of studies demonstrating that glial cells regulate synaptic activity of CNS neural circuits have 6 led to the suggestion that the enhanced capacity of the higher vertebrate brain for neural 7 processing has been fuelled during evolution by the increased number, size and complexity of 8 astrocytes (Han et al., 2013; Oberheim et al., 2006) . Perhaps the higher number of enteric glia 9 in mammals relative to teleosts, may also reflect an increase in the functional complexity of 10 intestinal neural circuits during vertebrate evolution and an enhanced scope of EGCs in the 11 regulation of the complex gut tissue circuitry that maintains epithelial cell homeostasis, host 12 defence and healthy microbiota (Grubisic and Gulbransen, 2016) . giving rise to diverse cell types, including mesenchymal and neuroendocrine cells, 18 parasympathetic neurons and melanocytes (Parfejevs et al., 2018; Petersen and Adameyko, 19 2017) . Echoing the developmental potential of SCPs, ENS progenitors already expressing 20 molecular markers attributed to EGCs are also capable of generating enteric neurons and 21 mature enteric glia (Cooper et al., 2016; Cooper et al., 2017; Lasrado et al., 2017) . In addition 22 to these studies, a growing body of evidence indicates that NCSC properties can be acquired 23 by peripheral glia cell lineages from adult animals, including Schwann cells, glia of the 24 carotid body and EGCs (Jessen et al., 2015; Pardal et al., 2007) . However, it is generally 25 thought that the reprogramming of differentiated glial cells into a NCSC-state is induced by 26 injury, infection or other types of stress, including tissue dissociation and culture. Thus in 27 mammals, EGCs can undergo limited neurogenesis in response to chemical injury to the 28 myenteric plexus, pharmacological activation of serotonin signalling or bacterial gut infection 29 (Belkind-Gerson et al., 2017; Joseph et al., 2011; Laranjeira et al., 2011; Liu et al., 2009) . By 30 providing evidence that zebrafish EGCs, in addition to their bona fide role as glial cells, also 31 serve as constitutive ENS progenitors in vivo, our studies argue that the neurogenic potential 32 of mammalian enteric glia disclosed under conditions of injury and stress, reflects an earlierof neural progenitors and mature glia. Although it is currently unclear whether neurogenic 1 potential is a unique property of teleost EGCs, we speculate that peripheral glia lineages in 2 lower vertebrates represent NCSCs that retain their developmental options but adjust to the 3 cellular environment they reside in by acquiring additional specialised functions that 4 contribute to local tissue function and homeostasis. Understanding the transcriptional and 5 epigenetic mechanisms that underpin retention of the NCSC character and simultaneously 6 allow novel functional adaptations during ontogenesis represents an exciting challenge of 7 fundamental biology with practical implications. For example, identification of the molecular 8 mechanisms that drive neuronal differentiation of enteric glia in vivo, will facilitate strategies 9 to harness the intrinsic neurogenic potential of mammalian EGCs and restore congenital or 10 acquired deficits of intestinal neural circuits. in the germinal zones of the zebrafish brain (Alunni et al., 2013; Than-Trong et al., 2018) . 27 Notch signalling has also been implicated in the development of the mammalian ENS by 28 inhibiting the intrinsic neurogenic programme of ENS progenitors (Okamura and Saga, 29 2008) . The demonstration that the Notch activity reporter Tg(her4.3:EGFP) is activated in 30 ENS progenitors shortly after they invade the gut and initiate neurogenic differentiation 31 suggests a similar role of Notch signalling in the development of the zebrafish ENS, namely 32 attenuation of the strong neurogenic bias of early ENS progenitors acquired as they approach 33 and enter the foregut and indicated by induction of strong neurogenic transcription factors,such as Phox2B and Ascl1 (Charrier and Pilon, 2017) . Although the relevant Notch signalling 1 components remain to be identified, our findings argue that activation and differentiation of 2 EGCs in adults is also under the control of Notch signalling pointing to further fundamental 3 similarities in the mechanisms controlling the homeostasis of CNS and ENS in vertebrates. 4
The hierarchical relationships of cell types in the non-neuronal compartment of the zebrafish 5 ENS and the potential regional differences in the dynamics of EGCs in zebrafish gut remain 6 to be characterised. Nevertheless, the systematic comparison of the molecular properties of 7 mammalian and teleost enteric glia are likely to identify cell-intrinsic molecular cascades 8 responsible for the differences in the in vivo neurogenic potential of the two lineages, thus 9 offering opportunities for the repair of defective gastrointestinal neural networks in mammals 10 by activating endogenous EGCs. Tg(SAGFF217B) (Kawakami et al., 2010) . Note that the Tg(her4.3:EGFP) designation is the 28 current ZFIN reference for this transgene, however it is also variously referred to as 29 Tg(her4:EGFP) (Yeo et al., 2007) or Tg(her4.1GFP) (Kizil et al., 2012) . her4.3 is one of 6 30 (of 9) mammalian orthologues of mammalian Hes5 found in tandem duplication on 31 chromosome 23 of the zebrafish genome (Zhou et al., 2012) . The stable Tg(UAS:mmCherry) 32 line was generated by Tol2 transgenesis: co-microinjection of TOL2 transposase with arecognition sequence UAS, with bicistronic α crystalinP:RFP cassette enabling red eye 1 selection of carriers, as described previously (Gerety et al., 2013 
Purification of ENS nuclei from adult gut muscularis externa 29
Adult Tg(sox10:Cre;Cherry) zebrafish intestines were first dissected, then cut along their 30 length and immersed in HBSS (no calcium, no magnesium, (ThermoFisher 14170088) 31 containing 20mM EDTA and 1% Penicillin/Streptomycin (ThermoFisher, 15140122) for 20-32 25 minutes at 37˚C until the epithelia cell layer was seen to begin detaching from the 33 overlying muscularis externa, evident by clouding of the HBSS solution. After several 1 washes in PBS (ThermoFisher 14190094), the tissue was placed under a dissecting 2 microscope and the muscularis externa was grasped in forceps and agitated briefly to detach 3 any remaining associated epithelial cells. Muscularis externa was tranfered to a fresh tube and 4 purification of nuclei was performed essentially as described (Obata et al., 2020) . Briefly, 5
dounce homogenization was performed in lysis buffer (250mM sucrose, 25mM KCl, 5mM 6
MgCl 2 , 10mM Tris buffer with pH8.0, 0.1mM DTT) containing 0.1% Triton-X, cOmplete™ 7 EDTA-free protease inhibitor (Sigma-Aldrich) and DAPI. The homogenate was filtered to 8 remove debris and centrifuged to obtain a pellet containing the muscularis externa nuclei. For 9 flow cytometric analysis, doublet discrimination gating was applied to exclude aggregated 10 nuclei, and intact nuclei were determined by subsequent gating on the area and height of 11 DAPI intensity. Both mCherry + and mCherry -nuclear populations (termed Cherry + and 12
Cherry
-in text and figures) were collected directly into 1.5mL tube containing Trizol LS 13 reagent (Invitrogen) using the Aria Fusion cell sorter (BD Biosciences). The obtained FCS 14 data were further analysed using FlowJo software version 10.6. and fixed in 4% formaldehyde 0.1% glutaraldehyde in phosphate buffer (PB) overnight at 7 4°C. Subsequently, the intestines were sectioned to 150µm on a Leica vibratome, and stored 8 in 2% formaldehyde in PB. Super-resolution images of mid-gut sections were mounted in PB 9 on SuperFrost Plus™ slides and imaged with an inverted Zeiss 880 confocal microscope with 10 AiryScan, using standard emission and excitation filters for EGFP and mmCherry. A low 11 magnification overview image was acquired using a 20x objective before 2-3 regions of 12 interest (ROI) were identified per section that contained at least one EGFP + cell of interest. 13
The Airyscan was aligned for EGFP and mmCherry using an area outside of the ROIs where 14 both fluorophores were identified. After Airyscan alignment, the ROIs were captured using a 15 x63 glycerol objective and pixel size, z-depth and zoom (>1.8x) were defined by Nyquist's 16 theorem. Once fluorescence microscopy was completed, the vibratome slices were further 17 fixed in 2.5% glutaraldehyde and 4% formaldehyde in 0. 
SBF SEM data collection and image processing 25
Serial blockface scanning electron microscopy (SBF SEM) data was collected using a 26 3View2XP (Gatan, Pleasanton, CA) attached to a Sigma VP SEM (Zeiss, Cambridge). Flat 27 embed vibratome slices were cut out and mounted on pins using conductive epoxy resin 28 (Circuitworks CW2400). Each slice was trimmed using a glass knife to the smallest 29 dimension in X and Y, and the surface polished to reveal the tissue before coating with a 2 30 nm layer of platinum. Backscattered electron images were acquired using the 3VBSED 31 detector at 8,192*8,192 pixels with a dwell time of 6 µs (10 nm reported pixel size, 32 horizontal frame width of 81.685 µm) and 50 nm slice thickness. The SEM was operated at aused, with an accelerating voltage of 2.5 kV. A total of 1,296 images were collected, 1 representing a depth of 64.8 µm, and volume of 432,374 µm 3 . Downstream image processing 2 was carried out using Fiji (Schindelin et al., 2012) . The images were first batch converted to 3 8-bit tiff format, then denoised using Gaussian blur (0.75 pixel radius), and resharpened using 4 two passes of unsharp mask (10 pixel radius 0.2 strength, 2 pixel radius 0.4 strength), tailored 5 to suit the resolution and image characteristics of the dataset. Image registration was carried 6 out using the 'align virtual stack slices' plugin, with a translation model used for feature 7 extraction and registration. The aligned image stacks were calibrated for pixel dimensions, 8 and cropped to individual regions of interest as required. To generate a composite of the two 9 volumes, Bigwarp (Bogovic JA, 2015; Russell et al., 2017) was used to map the fluorescence 10 microscopy volume into the electron microscopy volume which was reduced in resolution to 11 isotropic 50 nm voxels to reduce computational load. The multi-layered cellular composition 12 of the tissue was noted to have caused substantial non-linear deformation during processing 13 of the sample for electron microscopy when compared to prior fluorescence microscopy. 14 After exporting the transformed light microscopy volume from Bigwarp, a 2 pixel Gaussian 15 blur was applied, the datasets were combined, and the brightness/contrast adjusted for on-16 screen presentation. False coloured images were composed by annotating separate semi-17 transparent layers in Adobe Photoshop CC 2015.5 with reference to prior fluorescence 18 microscopy and 3-dimensional context within the image stack. Only processes that could be 19 clearly tracked through the volume from definitively marked cell bodies were coloured. 20 21
Time lapse imaging of zebrafish larvae 22
Embryos were raised in 0.2mM PTU, lightly anaesthetised with 0.15mg/ml Tricaine, and 23 mounted into embryo arrays and overlayed with 0.6% low melt temperature agarose in 24 embryo media essentially as described (Heanue et al., 2016a; Megason, 2009) . Once set, the 25 mould was overlaid with embryo media containing 0.15mg/ml Tricane and 0.15M PTU, and 26 was replaced at least every 24hours. Larvae were imaged using a Leica CM6000 confocal 27 microscope, with a 20X water dipping objective. Standard excitation and emission filters 28 were used to visualise EGFP and mmCherry expression. For each individual embryo, 33 z-29 stacks (z thickness 2.014 µm) were collected at a frame rate of 602s, for 40.333 hours. Cells 30 from the time-lapse recordings were tracked manually using the MTrack2 plugin on Fiji. To 31 correct for growth or movement during the imaging process a reference point was taken, for 32 each animal, as the point the anterior most spinal nerve, visible in the field of view, touched1
EdU labelling 2
To label proliferative cells, adult zebrafish were kept in system water with 1mM of EdU 3 (0.05% DMSO) for 72 hours at a density of 4 zebrafish/litre. During chase periods adult 4 zebrafish were kept in system water, which was changed every 2-3 days. 5 6
Mathematical modelling 7
Since the zebrafish ENS is largely confined to the myenteric plexus, and hence the zebrafish 8 ENS resides within a two dimensional plane, therefore, only X and Y coordinates were used 9 for subsequent analysis. Each image covered a 450 
Notch inhibition 28
Notch signalling was inhibited by immersion with 10µM LY411575 (Cambridge bioscience, 29 16162) (0.04% DMSO) in the system water, and was changed every 2-3 days, control 30 zebrafish were incubated with the equivalent concentration of DMSO (0.04%). 31
Statistical analyses was performed using R 3.3.1. Due to the non-normality of most of the 1 data, all comparisons were carried out using a two-sided Mann-Whitney non-parametric test. 
